Abstract. Frequency domain electromagnetic method is a way to study the Earth's electrical structure by use of an alternating electromagnetic field. According to the basic theory of the electromagnetic field, the general expressions of frequency domain electromagnetic response are derived. Which are applied to the infinite homogeneous medium and horizontal inhomogeneous medium, respectively. The response characteristics of different formation conductivity show that the formation conductivity has a significant impact on the choices of transmitted signal frequency. In order to achieve the inhomogeneous medium detection, the transmission frequency should be within the range of lower frequency. The numerical results of frequency responses for different intermediate layer thickness indicate when the formation conductivity remains unchanged, the higher the intermediate layer thickness, the more the response amplitude. However, the transmit frequency corresponding to response signal peak is not removed.
Introduction
In recent years, along with the updated of theory, the improve of instruments precision and computer technology, electromagnetic method can solve more and more geological problems [1] . Which has gradually developed into the most widely used detection method in geophysics applications [2] . According to the nature of the electromagnetic field, it can be divided into requency domain electromagnetic method and time domain electromagnetic method. Time domain electromagnetic method measures the secondary vortex field and its time derivative after the power off. Although it avoids the primary field, but the second eddy current field is very weak and decay rapidly. Therefore, we have to increase the excitation current. Which makes equipment heavy and efficiency reduced. Frequency-domain electromagnetic signal uses harmonic signal as excitation. The receive signal is the superimposition of secondary field generated by vortex in formation and direct coupled signal (the primary field). Due to measuring the total field, frequency domain electromagnetic responses are 50 times larger than the second field. Then the corresponding supply current is only a few tenths of that for time domain electromagnetic method [3] . Therefore, the study of frequency domain electromagnetic theory and method for inhomogeneous medium detection has an important practical significance [4, 5] . However, extracting secondary field from the total field is also not easy. Based on Maxwell's equations, this paper derived electromagnetic response expressions in infinite homogeneous medium and horizontal inhomogeneous medium. The electromagnetic response characteristics in inhomogeneous medium are also discussed in detail. The results in this paper can provide an important theoretical basis for the observation system design, forward modeling and inversion of frequency domain electromagnetic method.
Time-Harmonic Source in Uniform Media
In the study of borehole geophysical methods, the analysis of theoretical response for electromagnetic source in whole space has great practical significance. It is the basis of deep understanding the issues that there are conductivity interfaces in inhomogeneous medium. We define a small current loop is located at coordinate origin of plane x-y, which has current I and loop area S. It can be represented by a magnetic dipole source has moments m(r,t)=IS. The equivalent magnetic fluex dnsity is:
Then the vector potential satisfies the equation as follows:
In accordance with the solution to Eq.(2) and the relationship between the vector potential and electromagnetic response, the electromagnetic field generated by magnetic dipole source in homogeneous medium are as follows: It is produced by magnetic dipole source in infinite uniform medium. We take Take the magnetic moment of the magnetic dipole source m=1Am 2 , the conductivity of homogeneous infinite medium σ=0.01S/m, the distance between magnetic dipole and observation point r=100m. The field produced by magnetic dipole source in the equatorial plane is shown in Fig.1 (a) and that on the axis is shown in Fig.1 (b) . It can be seen that in the case of magnetic dipole source operating in low frequency, the real component of magnetic field along the axis is twice of that on equatorial plane. For low frequency, the imaginary component of magnetic field is proportional to frequency. However, with the operating frequency increases, the real component and the imaginary component of the magnetic field both present shock phenomenon.
Time-Harmonic Source in Inhomogeneous Medium
In the frequency domain electromagnetic method, the source is under the ground and the observation points may be located underground or on the surface. Thus the horizontal strata are the most basic layered model. As shown in Fig.2 , the formations have thickness H and conductivity σ2, the upper and lower surrounding rock has conductivity σ1, σ3, respectively. We assum there is transmitting coil T in formation, which has radius aT and number of turns NT. Figure 2 . Time-harmonic source in inhomogeneous medium.
When an alternating current IT=I0e iωt is applied to the transmitting coil, the electromagnetic field in surrounding space are also varied by sine law. It can be expressed by the Maxwell's equations as follows:
Here, σE and iωεE are conduction current density and displacement current density respectively. And JT is the source current density in transmit coil. For geophysical survey with working frequencies below 10 5 Hz, it meets the conditions of ω»εσ. Therefore, the displacement current can be negligible. Due to the axial symmetry of the entire model, the alternating electric field produced by emission current only has component in direction φ. Then electric field strength meets the scalar equation:
We consider the electric field Eφ at any point in the space is a superposition of two parts. One is generated by emission current, ie the primary field Eφ1. And the other one is generated by the induced current in medium, ie secondary field Eφ2, that is:
We plug Eq.7 into Eq.6, then
Where, k is wavenumber. By Eq . (8), we know the primary field generated by emission current is as follows:
And the secondary electric field in receiving coil is:
Numerical Simulation
First, we analyze the influence of the intermediate layer resistivity on the electric field response. For the inhomogeneous medium model shown in Fig.2 , we take the intermediate layer resistivity ρ2=20(Ωm),10(Ωm), 5.0(Ωm), 2.0(Ωm) and 1.0(Ωm), respectively. And the transmit signal frequency is increased from 0.1Hz to 1000Hz. The variation curves of the electric field response with the transmit signal frequency are shown in Fig.3 . The simulation results show that the higher the formation resistivity, the bigger the real or imaginary part of the electric field response. In addition, with an increase of the formation resistivity, the transmission frequency corresponding to the reponse peak gradually moves to the right direction of the frquency axis. For example, when the formation resistivity ρ2=2.0(Ωm), the peak is corresponding to the transmission frequency close to 10Hz. When ρ2=20(Ωm), the peak is corresponding to that of 100Hz. Therefore, the transmission frequency should be adjusted with the change of formation resistivity in order to to achieve the best detection results.
We also calcutate the elecreic field responses of intermediate layer thickness H=200m, 100m, 50m and 20m, respectively. And the transmission frequency is increased from 0.1Hz to 1000Hz. Fig.4 shows the response curves of different formation thickness. It can be seen that when the formation resistivity remains unchanged, the greater the intermediate layer thickness, the higher the response signal amplitude. For different formation resistivity, the frequency corresponding to response signal peaks is unchanged. This phenomenon can be interpreted as when the transmit signal frequency remains constant, the skin depth of electromagnetic signal in formation is the same. Although the peak of the response signal changes with intermediate layer thickness, but the transmission frequency that corresponding to response signal peak remains unchanged as well. 
Conclusions
To solve the boundary value problems of electromagnetic field in layered medium, we need to obtain particular solution items of the non-homogeneous wave equation in the active region. This particular solution is the primary field generated by the source, which is equivalent to the field produced by the source in an uniform infinite medium. According to the basic electromagnetic theory, we derive the general expressions of electromagnetic response in a uniform conductive medium or a layered lossy medium. The electromagnetic field produced by harmonic magnetic dipole source in whole space is researched. And the response characteristics of that in horizontal layered medium are also discussed in detail. The numerical results of different formation resistivity indicate that the formation resistivity has an important impact on the selection of the transmission signal frequency. The frequency responses characteristics of different formation thickness show that transmission frequency corresponding to response signal peak remain unchanged for the same formation resistivity. This is significant for forward modeling, inversion and data interpretation of the frequency domain electromagnetic method in inhomogeneous media.
